Reducing Interface Recombination through Mixed Nanocrystal Interlayers in PbS Quantum Dot Solar Cells
Optoelectronic characterization of the solar cells confirms that the effects underlying device improvement are reduced trap density and improved charge collection efficiency due to the presence of the MNC buffer layer.
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Introduction:
Solution processed colloidal quantum dot (CQD) based photovoltaics (PV) have attracted significant research interest due to the advantages of low-cost solution processibility and optical properties tunability of CQDs [1] [2] [3] . In particular, rapid progress made in ZnO/ PbS CQD based solar cells has been facilitated by optimizing device architectures 4 , understanding the device physics 5 and improving the electronic properties and surface passivation of QD films and devices 6, 7 . As a result, the power conversion efficiency (PCE) of CQD solar cells improved from 1% to over 11% in the last decade 8, 9 .
In spite of this tremendous progress, further improvements to suppress the various loss mechanisms that hinder the performance of these devices is still in search. Such a loss mechanism is the undesired interface recombination of photo-generated charge carriers. While non-radiative recombination in the PbS QD solids plays a major role in the open circuit voltage (VOC) deficit [10] [11] [12] , interfacial recombination at the ZnO/ PbS heterojunction influences the charge collection and hence the PCE 13 . High efficiency PbS quantum dot solar cells are based on a depleted heterojunction formed between the transparent n-type ZnO layer and the photoabsorbing p-type (with respect to ZnO doping) PbS QD layer. Electron collection at the transparent electrode depends on the efficient electron transfer from PbS to ZnO and reduction of electron back transfer from ZnO to PbS. The latter is even more relevant when the solar cell is operated under realistic conditions in the maximum power point. Efficient electron transfer from PbS to the ZnO depends on the rate of charge transfer and the rate of interface recombination 14 . It is thus important to improve the charge transfer rate and decrease interfacial recombination for improved charge collection, particularly under maximum power point (MPP) operation. The reduction of the interfacial charge carrier recombination can be achieved via the reduction of interfacial charge carrier density and recombination velocity 15 . These parameters are influenced by the presence of defects in ZnO located in the vicinity of the junction. Suppressing these defects can reduce the interfacial recombination and hence can enhance charge collection at the electrode.
In the past, several techniques have been adopted to reduce the charge carrier recombination at the interface. For TiO2/PbS solar cells, a thin ZnO layer over TiO2 has been reported as an efficient buffer layer for reducing interface recombination . Overall, an ideal interfacial buffer layer must be trap-free, nearly intrinsic as well as energetically favourable to fit in between ZnO and PbS, and such layer had thus far remained elusive. Instead of relying on the employment of other materials, in this work we report the use of a mixed nanocrystalline (MNC) layer comprising ZnO nanocrystals (NCs) and PbS CQDs i.e. the individual components of the heterojunction as a buffer layer that fulfils the aforementioned desired characteristics. Such a mixed nanocrystalline composite has been reported in the past to act as a nearly trap free material when used as a bulk heterojunction quantum dot layer 21, 22 , achieving very high VOC and approaching the band-to-band recombination regime.
The MNC layer is prepared using an optimized mixing weight ratio of PbS and ZnO of 2:1 (details in experimental section of supporting information). The buffer layer was treated with MPA (3-mercaptopropionic acid, 5% in methanol) solution similar to the previous report 21 . To investigate the effect of the MNC layer as a buffer layer, we have compared the MNC-buffer-layer device with the reference solar cell where the active layer PbS QDs are treated with 1-ethyl-3-methylimidazolium iodide (EMII) and the top electron blocking layer is treated with 1, 2 ethane dithiol (EDT) 23 .
Results & Discussions:
Figure 1(a) is a schematic of the respective energy band alignment in short-circuit condition with the presence of MNC buffer layer. The buffer layer helps in electron transport with a favourable energy landscape along with a reduced trap state density and electron back transfer from ZnO to the PbS main absorber. The optimized thickness of the buffer layer is found to be 10 nm (1 layer). Supporting Figure S1 shows the effect of thickness variation of MNC buffer layer on the device performance compared to the reference device. Increasing the thickness of the MNC layer from 10 to 40 nm decreases gradually the PCE of the devices. The major reason for this decrement is associated with the decrease of both short circuit current density (JSC) and fill factor (FF). The FF is highly influenced by the increase of series resistance JSC improves with the addition of the MNC layer because the latter improves charge collection. To verify this, we investigated the external quantum efficiency (EQE) of the devices with and without an electrical bias. In accordance to previous reports, the external bias is set to the value corresponding to the maximum power point (MPP) of the device 24 . The EQE spectra without an applied bias are shown in Figure 2 We have also investigated the effect of MNC buffer layer on the stability of the cells. The insertion of the buffer layer at the heterojunction reduced recombination induced leakage and hence improve FF. This also supports previously explained reduction of hysteresis loss and field induced interfacial recombination.
We sought to further understand the effect of MNC buffer layer on charge collection and recombination. Intensity ( ) dependent photocurrent (Jph) variation shows that both reference and MNC devices have linear power dependency ( ∝ , p = 1) (Figure 4(a) ).
The diode ideality factor ( ) of the devices is estimated from the intensity dependent VOC relation, ln , where kT is the thermal energy and q is the elementary charge Figure S5 . The variation of r with VOC is plotted in Figure 4 (c) and it shows that the recombination is slowed by the addition of the MNC buffer layer. Moreover, the photogenerated charge carriers are estimated by combining TPV and TPC data [26] [27] [28] [29] and this information is used for calculating the recombination rate by dividing the charge density by recombination lifetime as depicted in Figure 4 (d). Therein it is evident that the MNC interface device benefits from a lower recombination rate in agreement with our original hypothesis.
Conclusions:
We 
